INTRODUCTION
The behavior of a sessile droplet on solid substrates has been extensively used in studying the evaporation, wettability, adhesion, surface thermodynamics and liquid surface tension properties [1] [2] [3] [4] [5] [6] . Common droplet parameters determined in such studies include droplet volume, cap and base areas, contact and droplet radii, and contact angles. In a typical two-dimensional (2D) procedure, the measurements are based on a series of images recorded at successive stages of the experiment from a single view. Only a few basic dimensions of sessile droplets can actually be measured from such images, while many other quantities of interest have to be derived from geometrical relationships between the measured parameters. Particularly for observations made using a single camera, the reliability of the calculations is limited by the necessary assumption that the droplet shape is approximately axi-symmetric. Most commonly, spherical droplet geometry is assumed for simplicity of calculations. While for very small droplets resting on smooth level surfaces a spherical cap shape may be safely assumed [7] [8] [9] , the shapes of larger droplets or droplets resting on inclined or anisotropic surfaces are influenced by competing effects of gravity and liquid surface tension, local surface anisotropy and microstructure, which may produce non-spherical cap shapes [10] [11] [12] [13] [14] [15] [16] . Mathematical treatment of some of these effects has a history reaching back to fundamental works of Young, Laplace, and Bashford & Adams published in early 19th century (see e.g. [17] ).
A substrate known for posing numerous difficulties in the application of droplet dynamics methods is wood, which provided the motivation for the present study. Wood is a porous, anisotropic, heterogeneous and highly hygroscopic material composed of cellulose, hemicelluloses, lignin, organic extractives and a small fraction of minerals (referred to as ash).
The spatial arrangement of the material results in surface roughness on a microscopic scale. All these factors affect the geometry and dynamic behavior of sessile droplets attached to wood surface [18] . Understanding these effects is crucial for the reliability of the surface thermodynamic studies for wood conducted via droplet dynamics method [19] [20] .
In a most general case, large droplets on anisotropic surfaces may assume irregular shapes, difficult to describe in terms of geometric solid. A separate class of droplet shape distortions is that related to the gravity acting on droplets seated on inclined surfaces [12] [13] [14] [15] . For small droplets on level, directionally oriented surfaces, however, elongated shapes may be described as arbitrarily oriented ellipsoids without an axis of symmetry [21] [22] [23] [24] . This paper is mainly concerned with methods of investigating the dynamics of such ellipsoidal droplets.
Correct fitting of ellipsoid shapes requires at least two independent views and much more involved mathematical operations than in the case of spherical droplets. The complexity is somewhat reduced if an axial symmetry of the oblong droplet can be assumed, with the axis parallel to the substrate surface. This approach was used by Skinner et al. [21] and Kazayawoko et al. [22] with a single view from one top camera. It should be noted, however, that a single plane or view does not provide enough parameters to resolve such an ellipsoid, and Kazayawoko et al. [22] had to use additional non-geometrical parameters (such as droplet volume, liquid surface tension, and density difference between the two fluid phases) to complete their contact angle analysis. McHale et al. [23] and Erbil et al. [24] used a dual camera system to capture views from two orthogonal points of view. McHale et al. [23] used both top and side views. A similar output was obtained by Pierce et al. [15] using a single side camera and a mirror inclined at 45 degrees above the droplet. The top image was used for calculating the contact angle and measuring the ellipticity, while the volume calculation was made only considering the droplet's profile. Although the study presented expressions for determining contact angle and droplet volume for the distorted (non-spherical) droplets, the results were mainly used for qualitative analysis.
Erbil et al. [24] used images captured from two side cameras carefully oriented along the major axes of the droplet. This requirement limits the method to situations where the orientation of the droplet axes can be easily predicted (e.g. on surfaces with well-defined patterns) and does not change with time because the images from the two cameras were treated independently.
This difficulty was partially resolved by a clever approach proposed for analysis of quasistatic distorted droplets by ElSherbini and Jacobi [12] . In their study, the side camera was installed on an arm rotating in the plane parallel to the substrate surface. This arrangement allowed collecting side view images of distorted droplets at arbitrary angles. Another camera mounted above the droplet provided additional information on the shape of the droplet perimeter.
This elegant approach can hardly be applied to dynamic droplet measurements, where droplet volume and shape may change in matter of seconds (e.g. due to rapid evaporation or absorption into the substrate).
Accurate analysis of dynamic behavior of non-spherical droplets that can be approximated as ellipsoids requires an experimental approach with capacity to: 1) capture dynamic behavior of elongated droplets throughout their lifetime, 2) account for arbitrary droplet orientation on the substrate, and 3) be valid for all contact angles above and below 90°. In particular, requirement 2) includes non-symmetric shapes around the baseline, which can be associated with inclined substrates or uneven surface energy.
OBJECTIVE
The principal objective of this study was to develop an experimental methodology for determination of key parameters, such as volume and contact angle for dynamic sessile droplets that can be approximated either by spherical or ellipsoidal cap geometries. Specific objective discussed in this paper were: 1) to develop equipment setup for simultaneous recording of images of a dynamic sessile droplet from three orthogonal views, throughout its life on the surface, and 2) develop an algorithm for full reconstruction of elliptical droplet geometry from images generated by the equipment. The development of the supporting mathematical model with full explanation and derivations is presented in another publication [25] .
EQUIPMENT AND METHODS
The following section contains the description of the apparatus for simultaneous acquisition of three orthogonal images of evaporating sessile droplets on test surfaces and the description of the data analysis procedures. Included is also a summary of the underlying theory of fitting arbitrary ellipsoids to images of droplets captured during the experiments and computation of the corresponding droplet parameters derived in [25] .
Equipment setup
A prototype laboratory-scale apparatus for the three-dimensional (3D) analysis of droplet dynamics was developed in the AEWC -Advanced Structures and Composites Center at the University of Maine. The principal elements of this apparatus are:
• a 3D linear micro-positioning stage for the substrate specimen;
• an integrated small-scale conditioning chamber made of clear acrylic sheets, to maintain constant relative humidity;
• high precision syringe;
• three orthogonally oriented digital cameras with microscopic lenses and independent adjustable position control;
• independent lighting system (two backlight units for side projections and one diffuse light unit for the top view);
• image acquisition unit with analytical software.
The principal component specifications are listed in Table 1 and the assembly details are shown in Figure 1 with corresponding information flow illustrated in Figure 2 . Table 1 .
Principal components description and specifications. To control the relative humidity, a 220 x 230 x 280 mm conditioning chamber was built of 4.5 mm thick acrylic sheets, with a removable lid on the top, to allow interior access. The chamber was edge-sealed with rubber pads. The setup was located in a temperature-conditioned room at 21 ± 3°C. The relative humidity was maintained by means of saturated salt solutions (for the trial tests discussed later water solution of magnesium nitrate, MgNO 3 .6H 2 O, was used) [26] .
Equipment
To prevent humidity gradients within the chamber a small fan was kept running inside except during the testing. A relative humidity and temperature sensor was placed inside the chamber to monitor the climate.
The droplets were released by means of a Gilmont® precision syringe, with a 0.2 ml capacity and the smallest division of 0.2 μl (± 0.5%). A Teflon tube with inner diameter of 0.3 mm was used as a needle, so that droplets as small as 2.5 μl could be tested. Special emphasis was placed on this aspect because a close estimate of the initial droplet volume was the best available method to verify initial volumes calculated from the image parameters and 3D model. Different lighting arrangements were used for the top and two side cameras. For side cameras, a green electro-luminescence backlighting panel was used to reduce glare and enhance contrasts at droplet edges. For the top camera, a diffuse light source was required to detect droplets of transparent liquids on substrates with different colors and reflectance characteristics.
It also helped reducing shadowing and glare. To minimize the heating effect on the droplet evaporation, the light was only turned on to capture the images and kept off the remaining time throughout the evaporation process.
The CCD cameras were connected to a laptop via IEEE 1394 (FireWire) PCIMCIA card from IOGEAR, with external 12V power supply. A dedicated Labview® program developed by
Muszyński was used to capture images simultaneously from the three cameras, at a predetermined time schedule.
Image processing
The images collected with the equipment setup previously described were analyzed to extract the edge points defining the droplet's perimeter and the corresponding baseline positioning
coordinates. The sequence of image processing operations was specific for top and side cameras.
The first step, common to all three cameras, was background subtraction, to reduce background noise and enhance the detection of droplet edges. This operation was performed by subtracting a reference image of a specimen surface, without droplet, from all other images in the series.
The images were then subjected to edge contrasts enhancement processing and edge detection treatment to capture droplet edge points. Visually obvious outliers were manually eliminated from the dataset at this stage. In addition, the coordinates of the baseline points were extracted from side images.
Data analysis
This section provides a brief overview of the mathematical background used for modeling sessile droplets as ellipsoids based on images captured with the setup described above, as well as the corresponding algorithm for computing the droplet volume and contact angle. The full mathematical concept and respective derivations for the proposed model can be found in a related paper [25] . In a more general case, the ellipsoid is described in an arbitrary (orthogonal) coordinate system with the origin coincident with the center of the ellipsoid, which can be expressed by
where A ijk are the generalized parameters of the central ellipsoid.
For any ellipsoid defined by Equation (2), there is a unique rectangular enveloping box, with vertices , , such that each side of the box touches the ellipsoid at a single point. The tangency points may be described by just three characteristic tangency ratios: , , and , such that the coordinates of these six points are given as , ,
, , . Together with , , and the tangency ratios uniquely determine the equation of the ellipsoid and therefore its shape (semi-axes , , and ), size (e.g. volume ) and position.
These tangency points and the ratios may be easily determined from projections of the ellipsoid and the enveloping box on the coordinate planes. It should be noted that it is entirely sufficient to find just one such tangency point for each projection in order to determine the ratio.
An illustration of the ellipse touching its enclosing box, with respective tangency ratios, as projected on the -plane is given in Figure 3 . To find all six values, it is enough to determine the equations of the projections of the ellipse onto the other coordinate planes, namely -and -planes. In this way, an ellipsoid can be fully reconstructed from its orthogonal projections onto the coordinate planes alone. As these projections can be obtained as contours in photographic images, any ellipsoid can be reconstructed from three orthogonal images, which led to the equipment setup and corresponding methodology described earlier in Section 3.1.
Fitting ellipsoids to actual sessile droplets resting on plane surfaces must rely on partial contours of the droplet cap visible from the sides and the droplet outline visible from the top view. This top view may represent either a projection of a droplet contour, when the contact angle is greater than 90º or a cross section (contact or base line) when the contact angle is smaller than 90º. In practice, two ellipses are fitted to the droplet contours obtained from the two side views, and one ellipse to the cross section or projection corresponding to the top view.
Furthermore, to overcome the difficulty posed by having either a projection or a cross section for the top view, a dimensionless ratio, ⁄ , is also introduced, where h is defined as the distance between the intersecting base plane (contact surface baseline) and the top tangency point of the enveloping box, and Z corresponds to half of the total enveloping box height, both measured from the side view. In this way, it becomes possible to determine the ellipsoidal droplet volume, , defined in Equation (3).
where and , , and are the lengths of the semi-axes of the ellipsoid.
In a general case, the contact angle varies along the droplet base line. As a measure for the contact angle along the whole perimeter, we can average the contact angle (indicated in the current paper as ) over the curve by means of a line integral to obtain a value (as indicated in [25] ), as follows:
I
where Ω cos ⁄ , while , , and are a triplet of conjugate diameters, and
, Ω sin Ω cos sin cos . Furthermore, the base area of the cap is given by the equation
Finally, a more elaborate formula for the cap area, with its full derivation and explanation, can be found in [25] .
, Ω sin cos sin cos
Fitting ellipses to side-and top-view images.
Several studies can be found on fitting ellipses to experimental data [27] [28] [29] [30] [31] . The most complete study was presented by Gander et al. [31] , with specific Matlab® applications.
An ellipse needs a minimum of 5 points to be unambiguously defined. The side-and topview images typically provide much more than 5 edge points and therefore a least squares solution is required. Two approaches may be used to fit an ellipse to a set of edge points: 1) algebraic fit, which relies on minimizing the difference between point coordinates and the ellipse given by a quadratic equation , 0 , corresponding to a linear least squares problem; and 2) geometric fit by solving a nonlinear least squares problem, where the parameters are found by minimizing the sum of the squares of the distances between the points and the fitted ellipse. The geometric fit results in a better visual approximation of the data points, when compared with the algebraic fit. In the current study, the algebraic fit was used to obtain an initial approximation of the ellipse and eliminate a first set of outliers. This procedure was followed by two iterations of a geometric fit: first to eliminate remaining outliers and second to define the final, more robust and accurate ellipse.
Data analysis algorithm
The procedures described previously in Sections 3.2 and 3.3 are summarized in a flowchart illustrated in Figure 4 , with the full sequence of steps from data acquisition to the determination of droplet parameters. A pair of images illustrating the droplet projection and the same projection with superimposed ellipse and enveloping box parameters is presented in Figure 5 . 
MODEL DEMONSTRATION

Sample preparation
The following experiment demonstrates the application of the described methodology, presented in Section 3. The method was applied to compare the dynamic behavior of evaporating water droplets deposited on isotropic and anisotropic surfaces.
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The isotropic surface consisted of OTS / glass, where the glass slide was silanized with octadecyltrichlorosilane (OTS) to form a monolayer of octadecylsiloxane (ODS), through a reaction described in detail in the literature [32] [33] [34] .
The glass slide used as substrate was first cleaned in a solution with a 95/5 v/v solution of Milli-Q water and soaking detergent (Decon Laboratories, Inc. located in King of Prussia, PA), followed by 24 hours of immersion in concentrated (70%) nitric acid. The slides were then rinsed with 18.2 MΩcm resistivity Milli-Q water with a maximum total organic carbon (TOC) level of 5 ppb and dried with nitrogen gas, followed by heating close to a hot plate, so that any residual moisture would be eliminated. The slides were then immersed in a 2mM OTS-carbon tetrachloride (CCl 4 ) solution for 20min. Finally, the slides were rinsed in carbon tetrachloride, dried with nitrogen gas and kept in a closed desiccator until testing. The OTS (≥ 90%) and the carbon tetrachloride (≥ 99.9%, HPLC grade) were acquired from Sigma Aldrich shortly before the experiment and used as received.
The anisotropic surface consisted of silicone grooved by lithography with 40 µm width and 20 nm depth, and was provided by the Department of Materials at the University of Oxford, U.K.
In both cases, high performance liquid chromatography (HPLC) grade water bought from Aldrich shortly before the experiments was used.
Results and discussion
The evolution of volumes and contact angles for droplets evaporating on the test surfaces was analyzed over a time span of 56 minutes for the isotropic surface and 50 minutes for the anisotropic surface. The time difference is related with the fact that the anisotropic surface produced a sessile droplet with a larger cap area, thus resulting in a faster evaporation.
The droplet parameters (volume and contact angle) measured on isotropic surfaces were calculated by a) fitting circles to the droplet edges extracted from the side views and then determined volume ( ) and contact angle ( ) using Equations (6) and (7), respectively [35] and b) fitting the 3D ellipsoid model, as described in Section 3 (Equations 4-5).
cos 1
where droplet cap radius ( ) and height ( ) were measured directly from digital images.
Dynamic volume analysis.
A comparison between the droplets volumes variation due to evaporation over time, measured on both types of surfaces, is presented in Table 2 .
The advantage of the 3D model is evident, when the initial volumes calculated using the two methods are compared to the volumes actually dispensed using the precision syringe. As expected for the anisotropic surface, the method based on the assumption of having a spherical droplet resulted in significant differences between the volumes being calculated independently for each side view. Fitting the 3D ellipsoid resulted in a significantly more accurate estimate. Figure 6 ), which produced nearly spherical droplets, the volume changes measured with both methods are practically identical. For the anisotropic surface ( Figure 7 ) the three-dimensional model provides much better insight into the droplet volume variation with time than the traditional 2D method. In this case, the side views using 2D computations produced distinctly different volumes for each camera. Namely, camera 2 (corresponding to side view 2) has a much higher initial value, corresponding to the largest visible axis of the oblong droplet.
The results shown in Figure A good agreement between the evolution of contact angles with time is achieved for the isotropic surface, where nearly spherical droplets are obtained (Figure 8 ). The 3D model shows a transition for the receding angle and a higher variability throughout the droplet's lifetime, especially in the last stages of evaporation. This can be associated with the smaller droplet size and resulting higher difficulty in grabbing and processing the respective edge points. When compared with the 2D methods, where simple geometrical relationships are used to estimate the contact angle, the 3D approach is more complex and, therefore, more prone to sources of error and variation. In this way, the values predicted using the 3D ellipsoid model become less reliable.
For the anisotropic surface ( Figure 9 ) the contact angle values calculated using the 3D model closely follow the trend for camera 2, with intermediate values between camera 1 and 2, as expected. When the receding angles are achieved in both side views (approximately at 2280 sec), the droplet develops into a near spherical shape (stage III in Figure 7 ) and the three contact angle values converge. During stage II of evaporation (approximately between 1200 and 2200 sec), higher variability occurs but this is also when the droplet develops into a section of a cylinder with spherical caps, rather than an ellipsoid, thus affecting the model accuracy. Anisotropic surface: droplet's contact angle dynamics due to evaporation over time, calculated using 2D and 3D models.
CONCLUSION
An apparatus and associated analytical procedures for analyzing three-dimensional droplet dynamics were developed. The setup is applicable for a variety of surfaces and liquids, with no special restriction on the orientation between the cameras and the droplet axes.
An algorithm was implemented to fit a three-dimensional ellipsoid to geometrical data extracted from three orthogonal images of a sessile droplet. The algorithm allows studying the dynamics of spherical and ellipsoidal droplets as they develop on anisotropic surfaces (like wood or certain wood composites).
At any time of evaporation, droplet's volume and contact angle can be calculated. With specific adaptations on the algorithm the droplet base and cap areas can also be extracted. 
3D Ellipsoidl
Results obtained for non-elliptical oblong droplets appear less reliable because neither true spheres nor ellipsoids can be accurately fitted to these shapes.
